Escherichia coli heat-labile enterotoxins (LT) are responsible in part for "traveler's diarrhea" and related diarrheal illnesses. The family of LTs comprises two serogroups termed LT-I and LT-II; each serogroup includes two or more antigenic variants. The effects of LTs result from ADP ribosylation of Gs alpha, a stimulatory component of adenylyl cyclase; the mechanism of action is identical to that of cholera toxin (CT). The ADP-ribosyltransferase activity of CT is enhanced by 20-kD guanine nucleotide-binding proteins, known as ADPribosylation factors or ARFs. These proteins directly activate the CTA1 catalytic unit and stimulate its ADP ribosylation of Gs alpha, other proteins, and simple guanidino compounds (e.g., agmatine). Because of the similarities between CT and LTs, we investigated the effects of purified bovine brain ARF and a recombinant form of bovine ARF synthesized in Escherichia coli on LT activity. ARF enhanced the LT-I-, LT-IIa-, and LT-IIb-catalyzed ADP ribosylation of agmatine, as well as the auto-ADP ribosylation of the toxin catalytic unit. Stimulation of ADP-ribosylagmatine formation by LTs and CT in the presence of ARF was GTP dependent and enhanced by sodium dodecyl sulfate. With agmatine as substrate, LT-IIa and LT-IIb exhibited less than 1% the activity of CT and LT-Ih. CT and LTs catalyzed ADP-ribosyl-Gs alpha formation in a reaction dependent on ARF, GTP, and dimyristoyl phosphatidylcholine/cholate. With Gs alpha as substrate, […] Abstract Introduction
bile enterotoxin (LT) are responsible in part for cholera and "traveler's diarrhea," respectively (1) (2) (3) . The abnormalities of fluid and electrolyte flux are caused by toxin-catalyzed ADP ribosylation of the stimulatory guanine nucleotide-binding protein of the hormone-sensitive adenylyl cyclase system, known as Gk, (4) . This regulatory protein is normally active when GTP is bound. Inactivation of Gs occurs when its intrinsic hydrolytic activity converts GTP to GDP (5) ; reactivation requires exchange of GDP for GTP, a process facilitated by agonist-receptor complexes. ADP ribosylation of G., enhances its activity by inhibiting GTP hydrolysis, thereby prolonging the lifetime of the active GSa-GTP species (6) , and by promoting release of GDP, which permits GTP binding (7) as well as the dissociation of Gs. from the inhibitory G, subunits (8) . It is ADP-ribosyl-Gsa-GTP that activates the cyclase catalytic unit and thereby accelerates conversion of ATP to cyclic AMP (5) .
CT is an oligomeric protein consisting of one A and five B subunits; the B subunits of 11.6 kD are responsible for toxin binding to the cell surface (9) . The A subunit of 29 kD has latent ADP-ribosyltransferase activity; activation requires specific proteolysis and reduction of a disulfide bond, resulting in the formation of the 21 -kD Al, which is enzymatically active, and A2 of 8 kD (9) . The ADP-ribosyltransferase activity ofCT is enhanced by 20-kD membrane and soluble proteins, known as ADP-ribosylation factors or ARFs (10) (11) (12) . The ARFs are guanine nucleotide-binding proteins (13) that are active in the presence of GTP or its analogues and inactive when GDP is bound (11) (12) (13) . They interact directly with the Al catalytic unit of toxin, enhancing its ability to catalyze the ADP ribosylation of G,",, proteins unrelated to the cyclase system, and simple guanidino compounds such as arginine and agmatine (14) . The ARFs also enhance auto-ADP ribosylation ofCTA I protein (1 1, 12) . Guanine nucleotide binding by ARF and stimulation of toxin-catalyzed reactions were both enhanced by certain detergents (sodium dodecyl sulfate) and detergent/ phospholipids (cholate/dimyristoyl phosphatidylcholine) (14, 15) .
LTs of the LT-I serogroup are similar to choleragen in subunit structure, immunological reactivity, enzymatic activity, and nucleotide and deduced amino acid sequences (9) . Recently, the LT-II serogroup was defined, and two antigenic variants designated LT-IIa and LT-IIb were purified (16) (17) (18) (19) . Most strains of LT-II-producing E. coli have been isolated from animals (20) ; the relevance of LT-II to human disease is unclear. Nucleotide sequence analysis revealed that the genes encoding the A subunits of all toxins in the LT-I and LT-II serogroups are homologous (21, 22) . The LT-I and LT-II subunit genes represent different branches of the LT family tree; LT-IIa and LT-IIb differ to a greater degree than do LT-Ih, LT-Ip, and CT (19, 21, 22) . Nevertheless, all members ofthis enterotoxin family increase intracellular cyclic AMP and it has been shown that CT, LT-Ih, and LT-IIa are ADP-ribosyltransferases (17, 23) .
Because of the considerable differences in deduced amino acid sequences of the Al fragments of these toxins, however, we questioned whether the ARF regulatory site was conserved in the LT family. We describe here the conditions determined necessary for expression of the NAD:Gs and NAD:agfnatine ADP-ribosyltransferase activities ofthe LTs and the auto-ADP ribosylation of the A I proteins as well as the effects of purified ARFs, GTP, detergents, and phospholipids on these enzymatic activities.
Methods
Materials. GTP, NAD, agmatine, thymidine, chicken albumin, and dimyristoyl phosphatidylcholine (DMPC) were purchased from Sigma Chemical Co., St Purification ofE. coli toxins. LT-Ih was purified from sonic extracts of E. coli HE22(pTD2) as previously described (17) . LT-IIa and LT-IIb were purified as described (17, 18) .
Purification ofsolubleARF(sARF) and G,. sARF was purified from bovine cerebral cortex (12) . G, was purified from rabbit liver membranes by a modification of the procedure of Sternweis et al. (24) .
Production and purification ofrecombinant bovine ARF 2 protein. A 1607-nucleotide EcoRI restriction fragment of bovine retinal clone 2B encompassing the ARF 2 coding region (25) was subcloned into the EcoRl1 site of the prokaryote expression vector pRC23 (26) , which was used to transform E. coli strain RRl bearing the plasmid pRK248cIts (27) . In this system, expression is under the control of the phage A PL promoter and regulated by a temperature-sensitive phage A cI repressor. Recombinant ARF 2 (rARF 2) protein was produced by switching the temperature of transformed bacteria at Awo = 0.5 from 320C to 420C for 2 h. The bacterial pellet from a 500-ml culture was suspended in 2.5 ml of 50 mM Tris-Cl, pH 8.1/63 mM EDTA containing lysozyme, 1.5 mg/ml, and incubated for 20 min at 4VC. The cells were lysed by addition of50 mM Tris-CI, pH 8.1/63 mM EDTA/0.5% cholate (2.5 ml) and incubated for 20 min. The lysate supernatant (-5 ml) was applied to a column (2 x 120 cm) of AcA 54 equilibrated and eluted with 20 mM Tris-Cl, pH 7.4/0.25 M sucrose/100 mM NaCI/l mM EDTA/1 mM sodium azide/2 mM DTT/ I mM phenylmethylsulfonyl fluoride/l mM benzamidine. The peak fractions of rARF 2 protein, identified by their ability to stimulate the ADP-ribosyltransferase activity of cholera toxin, were pooled, concentrated to 0.8 mg/ml, and stored at -30°C. The protein was judged to be -90% pure by SDS-PAGE.
Activation of toxins. CT as purchased is proteolytically nicked.
Toxin ( and other additions as noted in figure legends were initiated with the indicated amount of activated toxins. After incubation at 30°C for the indicated time, duplicate samples were transferred to columns ofAG1-X2 (0.4 x 4.5 cm) which were washed five times with 1.0 ml ofdistilled water as noted previously (28) . Eluates containing [adenine-U-'4CJ-ADP-ribosylagmatine were collected for radioassay. All assays were performed in duplicate and experiments were replicated at least three times.
Auto-ADP ribosylation oftoxins andADP ribosylation ofG,. Assays containing activated toxin, 50 mM potassium phosphate (pH 7.5), 10 mM MgC12, 3 mM DTT, 20 mM thymidine, 10 MuM NAD, 1-3 uM [32P]NAD (3 uCi) , and other indicated additions (total vol = 0.1 ml) were incubated at 30°C and terminated at the indicated time by addition of25 Ml ofice-cold 50% trichloroacetic acid followed by 10 Mzl of 1% bovine serum albumin. Afterprecipitation at 4°C overnight and centrifugation (10,000 g, 45 min), protein pellets were dissolved in 60 mM Tris/10% glycerol/5% 2-mercaptoethanol/3% SDS/0.006% bromophenol blue (10 min, 65°C) and subjected to electrophoresis in 14% SDS-polyacrylamide gels (29) . Kodak X-Omat AR films were used for autoradiography.
Results
The four heat-labile enterotoxins (CT, LT-Ih, LT-IIa, and LT-Ilb) were compared with regard to their ability to catalyze the ADP ribosylation ofagmatine and G., and auto-ADP ribosylation of the toxin catalytic unit, with and without GTP, sARF, and/or detergent/phospholipid. Previous studies with sARF and CT demonstrated that DMPC/cholate in the absence of GTP did not significantly enhance ADP ribosylation (12) . sARF and GTP dramatically increased toxin-catalyzed ADP ribosylation of G. (Fig. 1 ). In the presence of sARF and GTP, DMPC/cholate stimulated ADP ribosylation of G,. by all four toxins ( Fig. 1 ). rARF 2 also stimulated ADP ribosylation ofG". in the presence of GTP ( Gsa was dependent on trypsinization of LT-Ih ( Fig. 3 ). CT used in these studies was proteolyzed, giving rise to CTA1 and CTA2; Mekalanos et al. (30) had shown previously that trypsinization of CTA resulted in a significant increase in enzymatic activity. ADP ribosylation of Gs. was time dependent; under limiting reaction conditions, similar rates of ADP ribosylation were observed with all four toxins (Fig. 4) .
In the NAD:agmatine ADP-ribosyltransferase assay (Fig.  5 ), all four toxins responded to sARF and GTP with increased catalytic activity. Neither sARF nor GTP was effective alone. In all cases, the effect of sARF plus GTP was enhanced by SDS ( Fig. 5 ). The activities of LT-IIa and LT-IIb, both basal and with optimal sARF stimulation (in the presence of GTP and SDS) were < 1% those of LT-Ih or CT. In the presence of DMPC/cholate and rARF 2, conditions used to optimize the ADP ribosylation of G.", ADP-ribosylagmatine formation by CT and LT-Ih was also much greater than that observed with LT-IIa and LT-IIb (Fig. 6) . The presence oftrypsin and trypsin inhibitor in the final assay was not responsible for the differences in activity.
Auto-ADP ribosylation of CTA 1 and the Al fragments of LT-IIa and LT-IIb in the presence of DMPC/cholate was dependent on or stimulated by rARF 2. In the absence of ARF, there was significant auto-ADP ribosylation of intact LT-Ih A subunit, which was slightly stimulated by rARF 2 (Fig. 7) . In contrast, auto-ADP ribosylation of LT-Ih Al protein was dependent to a much greater extent on rARF 2 (Fig. 3 ). rARF 2 appeared to-be both an activator oftoxin and a toxin substrate ( Fig. 7) . In the presence of rARF 2 both ADP ribosylation of exogenous proteins (protein standards) and auto-ADP ribosylation of the toxin catalytic units were significantly greater by CT and LT-Ih than by LT-IIa or LT-Ilb (Fig. 8 ). Auto-ADP ribosylation of CTA 1 was decreased by the addition of exogenous protein substrates.
Under two sets of conditions, with DMPC/cholate or with SDS, and with rARF 2 and sARF, the relative activities of the toxins in the NAD:agmatine, NAD:protein, and NAD:Gsa ADP ribosylation assays were significantly different. In the NAD:agmatine ADP ribosylation assay, under conditions identical to those used for the ADP ribosylation of Gsa, ( for the absence of Gs, and the addition of agmatine), CT and LT-Ih exhibited significantly more activity than did LT-IIa or LT-IIb.
Discussion
Initial studies of LT-I isolated from E. coli strains of either human or porcine origin demonstrated significant structural, functional, and immunological similarities to CT (2, 9, (31) (32) (33) (34) . More recent studies by Holmes and co-workers revealed that some E. coli strains produce enterotoxins (LT-IIa, LT-IIb) that are antigenically distinct and differ significantly in amino acid sequences from LT-I or CT, although they also cause elevation of intracellular cyclic AMP (17, 19, 21, 22) . Based on comparison of toxin nucleotide sequences, it was hypothesized that the A subunits of all toxins in the LT family originated from a common ancestral gene, with separate branches leading to the LT-I and LT-II serogroups (21, 22) . Comparison of deduced 68- amino acid sequences of toxin Al, A2, and B polypeptides revealed that Al, in particular the amino terminus of Al, is conserved to the greatest extent (21, 22) .
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Earlier data and present results establish that CT, LT-Ih, LT-IIa, and LT-IIb all possess ADP-ribosyltransferase activity and the capacity to use either proteins or simple guanidino compounds as ADP-ribose acceptors (9, 23, 31, 35) . Thus, the catalytic site is conserved. CT and LT-Ih exhibited much higher activities with agmatine as an ADP-ribose acceptor than did LT-IIa or LT-IIb. With exogenous proteins as substrates also, the activities of CT and LT-Ih were much higher than LT-IIa and LT-IIb. The differences in activity were observed both in SDS and DMPC/cholate. The latter conditions were identical to those used to ADP-ribosylate G,~,; under these conditions and with Ga as substrate, the activities of the toxins appear to be much more similar although LT-IIa and LT-IIb were still less active than CT or LT-Ih. These studies are compatible with the hypothesis that the toxins do differ, at least quantitatively, in substrate specificity. In particular, LT-IIa ahd LT-IIb are much less active towards model substrates (i.e., simple guanidino compounds) than CT or LT-Ih. The fact that the toxins exhibit differences in catalytic activity may reflect some differences in the structure of the active sites in the Al fragments, perhaps effects of the A2 fragments, or differences in susceptibilities to trypsin activation or inactivation. The fact that some transferases that modify arginine residues in proteins utilize simple guanidino compounds whereas others do not most likely reflects differences in the catalytic subunits.
Earlier studies demonstrated enhancement of all CT-catalyzed reactions by 20-kD guanine nucleotide-binding ARF proteins in the presence ofGTP and either SDS or DMPC/cholate (1 1, 12, 14, 15) . As shown here, LT-Ih, LT-IIa, and LT-IIb also respond to ARF plus GTP with increases in their NAD:agmatine, NAD:Ga,, and NAD:A 1 ADP-ribosyltransferase activities. The fact that GTP was necessary in each instance supports the specificity of the ARF effects. One of the major advantages of studying the auto-ADP-ribosyltransferase and NAD:agmatine ADP-ribosyltransferase reactions is that modification of these activities by ARF is likely to reflect directly its effects on toxin rather than on G.. The data presented here provide strong evidence that the regulatory ARF sites and the catalytic domains are conserved in all members of the LT toxin family, consistent with the hypothesis that both sites are important for toxin function.
In most cases, the ARF (plus GTP) effects were amplified by detergents and/or phospholipids. The ARF-GTP-stimulated NAD:agmatine ADP-ribosyltransferase activities of all the toxins were enhanced by SDS. Auto-ADP ribosylation of CT, LT-I, and LT-IIa, but not LT-IIb, was also stimulated by SDS (data not shown). The ARF. GTP-dependent ADP ribosylation of G~,, was increased further by DMPC/cholate. Since 
6-

Toxin rARF2
Tryp. 29 defined. The amino acid sequence of the amino terminal region of the Al subunits exhibit some similarity to that of the pertussis toxin SI subunit, which is also an ADP-ribosyltransferase and in which this region is critical for enzymatic activity as shown by in vitro mutagenesis (49-5 1). A similar approach may aid in identification of the domains of CT and the LTs that are involved in catalytic activity and in activation by ARF. DMPC/cholate appears to be necessary for the high affinity binding of GTP by ARF (15), it is not clear whether it influences the interaction between ARF GTP and toxin. In the presence of DMPC/cholate, LT-Ih A subunit exhibited considerably more auto-ADP ribosylation activity than did the Al fragment of LT-Ih. Furthermore, the auto-ADP ribosylation of LT-Ih A subunit was only poorly responsive to the rARF 2 protein, whereas auto-ADP ribosylation of the LT-Ih Al fragment was much more dependent on ARF. In the NAD:GS assay, the unnicked form was virtually inactive whereas the nicked form was much more active and also responsive to recombinant ARF.
The B (or binding) subunits of the LT toxins are more diverse in amino acid sequence than are the A proteins (21, 22) , consistent with observations that the toxins apparently bind to different molecules on the cell surface (17) . Ganglioside GM, is the site of CT binding (9, 36); LT-Ih is believed to use GM, as well as glycoproteins (31, (37) (38) (39) (40) (41) (42) . LT-IIa and LT-IIb may also bind to gangliosides, but their specificities differ from those of CT and LT, in agreement with the differences in primary structure of the B subunits (17, 21, 22, (43) (44) (45) . The several A2 peptides differ considerably in amino acid sequence (19, 21, 22, 44, 46) . The A2 peptide is believed to be involved in association of the Al protein with the B oligomer and in the case of CT, has been proposed to play a role in the translocation of the Al protein through the cell membrane (9, 47, 48) . These putative activities have not been quantified. Obviously, however, preservation of A2 function is not necessarily inconsistent with considerable diversity at the amino acid level.
In sum, the Al proteins of the LT family have highly conserved amino acid sequences and share catalytic activity as well as the ability to be stimulated by ARF GTP, although they differ in specificities for Gs. and agmatine as substrates. The domains of Al responsible for these activities remain to be
